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Abstract: Large topological Hall effect (THE) has been investigated for Pt/Y3Fe5O12 
(YIG) bilayers grown on (Gd2.6Ca0.4)(Ga4.1Mg0.25Zr0.65)O12 (SGGG) substrate, which is 
ascribed to lattice strain at the YIG/SGGG interfaces. The topological portion of the Hall 
signal has been extracted in the temperature range from 150 K to 350 K. The results were 
compared with those in Pt/YIG/Gd3Ga5O12 (GGG) multilayers, from which we confirmed 
that the THE signals in the SGGG substrate are obvious different from those in the GGG 
substrate derived from magnetic frustration at the Pt/YIG surface. The present work not 
only demonstrate that the strain control can effectively tune the electromagnetic 
properties of magnetic insulators (MI) but also open up the exploration of THE for 
fundamental physics and magnetic storage technologies based on MI. 
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Ferromagnetic materials possess uniformly magnetized regions which exhibit a 
parallel orientation of all magnetic moments within an individual so-called magnetic 
domain and different directions of the magnetization in different domains. The 
boundaries between neighboring domains are domain walls [1]. The relative stability and 
ease of manipulating these magnetic domains with an electric current is one of the major 
developments for future low-power consumption spintronics devices. Unfortunately, the 
high threshold current density (10
6
 A/cm
2
) is difficult to be reduced because of the 
intrinsic pinning effects such as inevitable material impurities and defects [2]. However, 
it has been theoretically suggested that topologically protected spin textures such as chiral 
domain walls and skyrmions could solve the intrinsic pinning issue, which results in a 
significant reduction of the threshold for the depinning current [3]. In the 
non-centrosymmetric magnets and/or interfacially asymmetric multilayers, the broken 
(space) inversion symmetry combined with strong spin-orbit coupling (SOC) will lead to 
the noncollinear Dzyaloshinskii-Moriya interaction (DMI) which can be written as 
Dij·(Si×Sj), where Si and Sj are the spin of two nearby atoms, and the vector Dij depends 
on the details of electron wave functions and could point to different directions, which 
depends on the symmetry and the precise crystalline structure [4,5]. When the DMI 
strength D is strong enough to compete with the Heisenberg exchange interaction and the 
magnetic anisotropy, it can stabilize topological spin textures [6]. One of the hallmarks of 
the topological spin textures is the topological Hall effect (THE): the nontrivial magnetic 
texture causes a fictitious magnetic field which acts on the propagating electrons by its 
Lorentz force [7-10]. The appearance of characteristic bumps or dips in the Hall 
measurements of chiral magnets is a direct consequence of the topological spin textures. 
Recently, the interfacial DMI induced topological spin textures have been widely studied 
in the heavy metal (HM)/ferromagnetic metal (FM) bilayers, and several manipulations 
including electric and magnetic stimuli have been employed to create, delete and transfer 
skyrmions [11-14]. Besides, the strain control is another effective way to suppress the 
helical states and stabilize the skyrmion state in a broad range of magnetic field and 
temperature [15-17]. By continuously scanning uniaxial stress at low temperatures, Nii et 
al. effectively created and annihilated a skyrmion crystal in a prototypical chiral magnet 
MnSi when the stress was merely several tens of MPa [18]. Chacon et al. also found that 
the uniaxial stress could modulate the magnetization of MnSi close to the stress axis 
among the helical, conical, and skyrmion lattice phases, and a uniaxial pressure applied 
perpendicular to the magnetic field axis could enhance the skyrmion lattice phase 
substantially, which is suppressed by a pressure parallel to the field [19]. Despite a 
variety of experiments oriented towards strain induced topological spin textures in bulk 
chiral magnets, few experiments have succeeded in modifying the chiral domain 
structures induced by interfacial DMI in HM/FM bilayers with strain control. In the 
presence of an interfacial DMI, neither the Bloch walls (helical-like) nor the Néel walls 
(cycloidal-like) in in-plane magnetized systems is expected to be chiral. This is because 
the vector of the interfacial DMI, Dij is usually aligned within the film plane, and Si×Sj is 
expected to be normal to Dij for both cases, which causes the DMI energy to vanish. On 
the contrary, for material systems with a perpendicular magnetic anisotropy (PMA), the 
Néel wall configuration results in a finite DMI energy. In this case, Si×Sj is parallel or 
anti-parallel to Dij, and the system can exhibit a homo-chiral spin structures in the 
presence of a sufficiently strong DMI [20-24]. 
As opposed to FMs, the ferromagnetic insulator (FMI)-typically Y3Fe5O12 (YIG)-has 
emerged as a promising medium to generate, process, and transport spin information over 
long distances [25-27]. The flow of charge currents is avoided in the FMI, thus 
preventing ohmic losses or the emergence of undesired spurious effects. Several 
phenomena including spin pumping, spin Hall magnetoresistance (SMR), spin Seebeck 
effect, and magnon spin transport have been explored in the HM/YIG bilayers[25-27]. 
Despite the widely investigation and potential use of these interesting magneto-electronic 
functions, crystal engineering in terms of controlling the uniaxial strain is not well 
established at all. If the magnetic anisotropy of YIG can be controlled from in-plane to 
out-of-plane through strain engineering, the chiral domain walls such as Néel-type 
skyrmions is proposed to emerge in the HM/YIG bilayers. When an itinerant electron 
traverses the proposed topological spin textures in the Pt/YIG bilayers, the electron spin 
will undergo a 2π rotation and the accumulated Berry phase results in THE as shown in 
Fig. 1 (a). 
In this work, we have found large THE in Pt/YIG bialayers grown on 
(Gd2.6Ca0.4)(Ga4.1Mg0.25Zr0.65)O12 (SGGG) substrate due to uniaxial strain at the 
YIG/SGGG interface. The results were compared with that in Pt/YIG/Gd3Ga5O12(GGG) 
multilayers. The uniaxial strain induced modification in the structure and magnetic 
anisotropy has been firstly confirmed through x-ray diffraction (XRD) and magnetic 
hysteresis loops. We clearly demonstrated the extraction of the large topological portion 
of the Hall signal from the total Hall signal in the temperature range from 150K to 300K, 
and determined the magnitude of the fictitious magnetic field. The robust emergency of 
the THE in Pt/YIG/SGGG multilayers has been proved to originate from the uniaxial 
strain other than the magnetic frustration at the Pt/YIG interface.  
The epitaxial YIG film was grown on a [111]-oriented GGG substrate and SGGG 
substrate respectively by pulsed laser deposition technique with the substrate temperature 
TS=780℃ and the oxygen pressure of 10 Pa. Then the samples were annealed at 780℃ 
for 30 min at the oxygen pressure of 200 Pa. Then, the Pt (5nm) layer was deposited on 
YIG at room temperature by magnetron sputtering. After the depositions, the electron 
beam lithography and Ar ion milling were used to pattern Hall bars, and a lift-off process 
was used to form contact electrodes. The size of all the Hall bars is 20 μm×120 μm. We 
have also investigated the surface properties of the two films using atomic force 
microscopy (AFM) as shown in Fig. 1 (b), and the two films have the similar and small 
surface roughness. Fig. 1 (c) shows the XRD ω-2θ scan spectra of the two YIG (30 nm) 
thin films which indicates the single phase nature. According to the (444) diffraction peak 
position, we have found that the lattice constant of YIG in YIG/SGGG bilayers is ~1.248 
nm, and it is larger than the value (~1.236 nm) in YIG/GGG bilayers, which indicates that 
SGGG substrate can provide a tensile stress (ξ ~ 0.8%) [28]. On the other hand, the 
magnetic properties of the YIG films grown on different substrates were observed via 
VSM magnetometry measurements. According to the magnetic field dependence of the 
normalized magnetization at room temperature for the two multilayers as shown in Fig. 1 
(d), the magnetic anisotropy of YIG film grown on SGGG substrate is modulated by 
strain. According to the saturation magnetization Ms and the anisotropy field Hk of the 
YIG/SGGG bilayers, we have inferred the anisotropy constant K=MsHk/2 to be ~35 kJ/m
3
. 
The exchange constant A is about 1.92 pJ/m for YIG film [29], then we can calculate the 
critical DMI energy constant 4 /CD AK   to be 1.07 mJ/m
2
. All the 
magnetotransport measurements performed in the multilayers were based on the 
3-nm-thick YIG films using a Keithley 6221 sourcemeter and a Keithley 2182A 
nanovoltmeter. These measurements were performed at different temperatures between 5 
and 300 K in a liquid-He cryostat that allows applying magnetic fields H of up to 3 T and 
rotating the samples by 360º. 
Using small and non-perturbative current densities (as 10
6
 A/cm
2
), we have 
investigated the field dependence of the Hall resistivities in Pt (5 nm)/YIG (3 nm) 
bilayers grown on SGGG and GGG substrates in the temperature range from 5 to 300 K. 
The results are shown from Figs. 2 (a) to (d), it is found that the YIG films grown on 
SGGG substrate show a bump or dip during the hysteretic measurements in the 
temperature range from 150K to 300 K. The total Hall resistivity can usually be 
expressed as the sum of various contributions [30, 31]: 
THA-SS0H ρρ ρ HR  ρ  ,                      (1) 
where R0 is the normal Hall coefficient, ρS represent the transverse manifestation of SMR, 
ρS-A the spin Hall anomalous Hall effect (SHAHE) resistivity, and ρT the topological Hall 
resistivity. Firstly, the external fields applied out-of-plane with negligible in-plane 
contributions in X direction can ensure coherent linear of the magnetization with external 
fields, ρS (~Δρ1mxmy) can be neglected due to my approximately to be zero [32]. the THE 
signals clearly coexist with the large background of normal Hall effect and SHAHE as 
shown in Figs. 2 (a) and (b). To more clearly demonstrate THE signals, we have 
subtracted the normal Hall term, and the temperature dependence of (ρS-A + ρTH) has been 
shown in Figs. 2 (c) and (d). The SHAHE derived from the imaginary part of the spin 
mixing conductance Gi at Pt/YIG bilayers and a sign change of Gi between 10 K and 300 
K has been reported [33]. After the subtractions, we can further discern the peak and 
hump structure in the temperature range 150K to 300K, which can be attributed to the 
THE term. The SHAHE contribution ρS-A can be expressed as S A 2 zρ ρ m    [31, 33],
 where 2ρ  is the coefficient depending on Gi, and mz is the unit vector of the projection 
of the magnetization orientation along the Z direction. Further transport investigation has 
also been performed on the magnetoresistance (MR) of these two kinds of multilayers. 
MR is expressed as MR = [ρxx(H)−ρxx(3T)]/ρxx(3T) and the results are shown in Figs. 2 (e) 
and (f). The MR of Pt/YIG/GGG multilayers show similar behavior to other previous 
works. At the high-field limit, i.e., ωcτ >> 1, where ωc is the cyclotron frequency and τ is 
the relaxation time, without considering the Hanle magnetoresistance, due to all orbits 
closed, the total current in the crossed electric and magnetic fields is the Hall current, 
suggesting that even in the presence of AHE, the high-field Hall current gives the “real” 
electron density. It can explain the signals from the Hanle magnetoresistance at magnetic 
saturation filed in the MR curves. On the contrary, at the low-field limit, i.e., ωcτ << 1, 
according the spherical band approximation, the σxx can be approximated to σ
(0)
xx+ σ
(1)
xx , 
where σ(0)xx is the zero field conductivity, σ
(1)
xx∝Beff , and Beff is the fictitious magnetic 
field. It may explain the nearly linear MR behaviors around the zero magnetic field [34, 
35]. More interestingly, we also found a dip structures in the MR curves in the 
Pt/YIG/SGGG films between 0 T and 2 T at the temperature range of 150 K and 300 K. It 
indicates that the electrons experience a more complicated electromagnetic field 
perturbation due to the presence of nonzero Berry curvature in real space. Therefore, as 
compared to the conventional motion of electrons, the electron energy will be modified 
by the orbital magnetic moment and the electron velocity gains an extra velocity term 
proportional to the Berry curvature in real space, which plays a more significant role in 
the transport properties when the applied magnetic field is smaller than the saturation 
filed. On the other hand, the unusual MR can also be ascribed to the field-related spin 
textures [35]. 
The extracted ρTH in all the films have been shown in Fig. 3 (a). It is assumed to be a 
unique signature of THE, and the temperature dependences of the largest ρTH in all the 
bilayers have been shown in Fig. 3 (b). The THE is evident in the temperature range from 
150K to 350 K, which is much different from that in B20-type bulk chiral magnets that 
subjected to low temperature and large magnetic field [36]. The precise value of the 
topological Hall contribution due to the fictitious magnetic field acts like the classical 
magnetic field in the same manner as the normal Hall effects. The measured THE signals 
can be written as ρTH = PR0Beff =PR0n
T
υυ0, where P is the spin polarization of charge 
carriers and determined to be 40% for all the films [37], R0, Beff, υ0 = ħ/e, n
T
υ denotes the 
normal Hall coefficient, the fictitious magnetic field, the flux quantum, and the chiral 
domain wall density, respectively [10]. Then the temperature dependences of Beff can be 
calculated and have been summarized in Fig. 3(c). The variation tendency is similar to 
ρTH, and the largest values have been found at 250 K. At room temperature, the n
T
υ is 
calculated to be ~80 μm−2. We can also approximately estimate that the separation of the 
chiral domain walls [(n
T
υ)
-1/2
] is ~112 nm, which also indicates the length scale of the 
chiral domain wall because its lower limit should be larger than the film thickness of ∼3 
nm due to the two-dimensional nature of the chiral domain wall. The values are area 
averaged and can be even smaller due to the coexistence between the chiral domain walls 
and the ferromagnetic phase. According to the magnetic parameters, the nominal domain 
wall width KA / of Pt/YIG/SGGG is ~7.36 nm, which also is larger than the 
nominal thickness ~3 nm of YIG. Therefore, the domain wall structures in Pt/YIG 
bilayers can be explained by the theory of Thiaville et al., where a new type domain wall 
structure in ultrathin films would be produced due to the interfacial DMI from the 
adjacent layers [37]. The Néel-like domain wall structure with a fixed chirality will be 
finally stabilized when the DMI strength D is larger than Dc. Therefore, the value of D at 
the Pt/YIG interfaces would be ~1.07 mJ/m
2 
as discussed from the M-H curves.  
Recently, the topological spin textures and THE have been proved to emerge in 
some frustrated magnets [38, 39]. Leonov et al showed that the uniaxial magnetic 
anisotropy strongly affects spin ordering and different spin structures including isolated 
skyrmion may coexist in a frustrated magnet [39]. To further investigate the THE in the 
Pt/YIG/SGGG multilayers due to strain control, and distinguish it from the THE 
produced by magnetic frustration at HM/FMI interfaces, we have firstly studied the 
average valence and the percentage of atomic concentration at the Pt/YIG interfaces 
through x-ray photoluminescence spectroscopy (XPS). The spectrums of Pt 4f in the two 
multilayers are shown in Fig. 4 (a), it indicates that the Pt elements are all in the 
mono-plasmic state. According to the results of Fe as shown in Fig. 4 (b), the spectrum 
from the Fe element is modified by the Pt spectrums due to weakly depth of penetration 
of XPS. According to the difference of binding energy between the 2p3/2 peak and the 
2p1/2 peak, Fe ions are determined to be in the 3
+
 valence state in the two multilayers. It is 
found that there is no obvious difference for both Fe and Pt elements when YIG films 
were grown on GGG and SGGG substrates respectively. In contrast, the Y 3d spectrums 
show a small energy shift at different substrate as shown in Fig. 4 (c), the binding energy 
shift may be related to the lattice strain and variation of bond lengths [40]. Therefore, the 
stoichiometry of the YIG surface has not been dramatically modified due to strain control. 
Furthermore, the SMR has been proved as a powerful tool to effectively explore magnetic 
properties of surfaces, especially when used for studying spin-dependent phenomena 
originating at interfaces, because the SMR effect is basically sensitive to the magnetic 
details of the atomic layer of the YIG [41]. Vélez et al have qualitatively shown that the 
emergence of a surface magnetic frustration can be well identified via SMR 
measurements [41]. Therefore, to further exclusive the surface magnetic frustration 
influence on the THE, the angular-dependent magnetoresistance and the thickness 
dependent Hall magnetoresistance were then measured at room temperature. The angular 
scan in the XY (YZ) plane for the two samples under a 3 T field (enough to saturate the 
YIG magnetization) shows cos
2α (cos2β) behavior in the longitudinal resistance, and the γ 
scan in the ZX plane has no variation as shown in Fig. 4 (d) and (e). The similar in the 
SMR amplitude has been observed in the two samples indicating weak influence from 
magnetic frustration. Meanwhile, according to the YIG films thickness dependent Hall 
magnetoresistance as shown in Fig. 4 (f), there are not THE signals with increasing the 
thickness of YIG films even though they have similar Pt and YIG interface. Therefore, as 
increasing the thickness of YIG, the strain control may gradually release especially at the 
first atomic layer of YIG film, where the spin orientation is mostly like in-plane 
magnetized systems. Finally, to further distinguish the THE produced by interface 
magnetic frustration, we tried to produce magnetic frustration by artificial breaking the 
YIG interface as a control experiment. C. Hauser et al have reported that the annealing 
atmosphere has no significantly deteriorating influence on the structural and magnetic 
properties of the YIG thin films [42]. However, according to S. A. Manuilov et al 
reported in ref.[43], the low oxygen pressure annealing would lead to more oxygen 
vacancies at YIG surface that occupied by Fe ion, which may result in an interfacial 
magnetic frustration. Therefore, the epitaxial 3-nm-thick YIG film was firstly grown on a 
[111]-oriented GGG substrate and annealed at 780℃ for 30 min at the relatively lower 
oxygen pressure of 10 Pa, which is denoted as YIG
+
 sample. The temperature dependence 
of RL(β) were shown in Figs. 5(a)-(c) for Pt/YIG/GGG, Pt/YIG/SGGG, and Pt/YIG
+
/GGG 
multilayers, respectively. For Pt/YIG/GGG and Pt/YIG/SGGG multilayers, the angular 
dependence predicted by the SMR effect is preserved when decreasing the temperature, 
following sin
2β dependence. The similar amplitude of the SMR at low temperature has 
been observed in Pt/YIG/GGG and Pt/YIG/SGGG that is consistent with ADMR 
measurements [41]. In contrast, the amplitude of SMR at Pt/YIG
+
 interface is larger than 
that in Pt/YIG interface at room temperature which indicates an enhanced G↑↓ at the 
Pt/YIG
+
 interface with respect to Pt/YIG and we attribute it to the magnetic frustration at 
Pt/YIG
+
 interface from low oxygen pressure annealing[41]. Here, it should be noted that 
the spin transport properties for Pt layers are expected to be the same because the 
measured resistivity is similar. The field dependence of the Hall resistivities in Pt (5 
nm)/YIG
+
 bilayers in the temperature range from 250K to 300 K were measured. We 
have subtracted the normal Hall term and the temperature dependence of (ρS-A + ρTH) has 
been shown in Fig. 5(d), which also shows a bump or dip during the hysteretic 
measurements. However, the THE signals just exists at a higher temperature (>260 K) 
and a lower magnetic fields (~0.2 T), indicating a different spin texture origin as 
compared with the strain induced. Therefore, these experiments results confirmed that the 
THE in Pt/YIG/SGGG films originate from the strain control other than the magnetic 
frustration at Pt/YIG interface. 
In conclusion, with controlling the lattice strain of YIG, we can effectively induce 
the THE in the Pt/YIG bilayers, and the THE signal is obvious different from the 
magnetic frustration induced at the Pt/YIG surface. The large topological portion of the 
Hall signal has been extracted in the temperature range from 150K to 350K and the 
magnitude of the fictitious magnetic field has been determined. The present work not 
only demonstrate that the strain can effectively tune the electromagnetic properties of 
ferromagnetic thin films but also open up the exploration of THE on the magnetic 
insulator materials for fundamental physics and magnetic storage technologies. 
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Figure 1 (a) Schematic of adiabatic spin rotation of an itinerant electron as it traverses the 
chiral domain structures. The applied current is along X axis, and the magnetic field can 
be applied in the YX, ZY, and ZX planes with angles α, β, and γ relative to the Y, Z, and 
Z axes. (b) AFM images of the two multilayers (scale bar, 1 μm). (c) The XRD ω-2θ 
scans of the YIG films and the two substrates. (d) Field dependence of the normalized 
magnetization of the two multilayers. 
 Figure 2 (a) and (b) Total Hall resistivities vs H for two multilayers in the temperature 
range from 5 to 300 K. (c) and (d) (ρS-A+ρTH) vs H for two multilayers in the temperature 
range from 5 to 300 K. (e) and (f) The longitudinal magnetoresistance vs H for two 
multilayers in the temperature range from 5 to 300 K. 
  
Figure 3 (a) ρTH vs H for Pt/YIG/SGGG multilayers at temperature range from 150K to 
300K. (b) Temperature dependence of ρTH. (c) Temperature dependence of fictitious 
magnetic field Beff. 
 
 
  
Figure 4 Room temperature XPS spectra of (a) Pt 4f, (b) Fe 2p and (f) Y 3d for the two 
multilayers. (d) and (e) Longitudinal ADMR measurements performed in Pt/YIG/GGG 
and Pt/YIG/SGGG multilayers at room temperature in the three relevant H-rotation 
planes, and the applied magnetic field is 3 T. (f) Thickness dependence of (S-A+ρTH) vs H 
for Pt/YIG (t nm)/SGGG multilayers at room temperature.  
  
Figure 5 (a)-(c) Longitudinal ADMR RL(β) performed in Pt/YIG/GGG, Pt/YIG/SGGG 
and Pt/YIG
+
/GGG multilayers respectively with varying temperature, and the applied 
magnetic field is 3 T. (d) (S-A+ρTH) vs H for Pt/YIG
+
/GGG multilayers in the 
temperature range from 150K to 300K. 
 
